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(57) ABSTRACT

A surface measurement instrument for obtaining surface
characteristic data of a sample surface 1s described. Relative
movement between a reference surface and a sample support
1s caused to occur while a sensor senses light intensity at
intervals along a scan path to provide a series of intensity
values representing interference fringes produced by a region
of a sample surface during said relative movement and from
which series of intensity values surface characteristic data can
be derived. The sample support 1s both translatable and tilt-
able 1n at least one direction perpendicular to a scan direction
so that the sample support can be both tilted to cause the scan
path to be normal to the sample surface region and translated
to compensate for translation movement due to the tilting.
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1
SURFACE MEASUREMENT INSTRUMENT

This application 1s a continuation of U.S. Ser. No. 12/162,
728, filed Jul. 30, 2008 which claims priority to International

Application No. PCT/GB07/000460, filed Feb. 9, 2007. The
contents of which are incorporated herein by reference.

BACKGROUND

This invention relates to a surface measurement instrument
for measuring a surface characteristic, 1n particular but not
exclusively a surface measurement instrument such as a
broad band or coherence scanning surface measurement
instrument.

Coherence scanning or broadband scanming interferometry
uses an interferometer (for example a Mirau, Michelson or
Linnik mterferometer) with a broadband spatially incoherent
light source such as a quartz halogen lamp. Generally, but not
necessarily, the broadband source will be a white light source.
One of the sample surface whose surface characteristic 1s to
be determined and the reference mirror of the interferometer
1s moved relative to the other along a scan path to change the
relative path length and a two dimensional 1mage sensor 1s
used to sense the resulting interference pattern which changes
as the sample surface and reference mirror are moved relative
to one another.

Each sensing element or pixel of the image sensor senses
the portion of the interference pattern for a corresponding
portion (herein a “surface pixel”) of the sample surface and,
as the sample surface and the reference mirror are moved
relative to one another, the amount or intensity of light
received by the sensing element will vary 1n accordance with
the change 1n the interference fringes. The intensity of light
received from a surface pixel of the sample surface will
increase or decrease in amplitude in dependence upon the
path length difference between the light paths from the refer-
ence mirror and the sensing surface and will have a coherence
peak or extremum (maximum or minimum amplitude) at the
position of zero path difference. Where different surface pix-
cls of the surface have different relative heights, then those
different surface pixels will have coherence peaks at different
positions along the scan path. Accordingly, the relative posi-
tions of the coherence peaks can be used to provide surface
characteristic data representing the relative heights of the
different surface pixels of the sample surface.

SUMMARY OF THE INVENTION

According to one aspect of the present invention, there 1s
provided a surface measurement instrument for obtaining
surface characteristic data of a sample surface, wherein rela-
tive movement between a reference surface and a sample
support 1s caused to occur while a sensor senses light intensity
at intervals along a scan path to provide a series of intensity
values representing interference fringes produced by a region
of a sample surface during said relative movement and from
which series of intensity values surface characteristic data can
be dertved, wherein the sample support 1s both translatable
and tiltable 1n at least one direction perpendicular to a scan
direction so that the sample support can be both tilted to cause
the scan path to be normal to the sample surface region and
translated to compensate for translation movement due to the
tilting.

In operation of an embodiment of a surface measurement
instrument according to the present invention, light 1s incident
normally of the area of sample surface being measured (that
1s generally the area within the field of view of the sensor) so
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as: to maximise the amount of the light that 1s reflected back
by the sample surtace to interfere with the light retlected by
the reference mirror to provide a good signal-to-noise ratio in
the resulting interference pattern detected by the sensor; to
avold introducing additional unknown path length differ-
ences which would adversely affect the measurement; to
ensure that, as far as possible, the light passes along the
optical axis of the optical components to avoid possible opti-
cal aberration 1ssues; and to obtain the lowest measurement
noise when fringes falling within the measurement area are
imaged by the detector so that any external noise sources are
common mode.

According to another aspect of the present invention, there
1s provided a surface measurement mstrument for obtaining
surface characteristic data of a sample surface, wherein rela-
tive movement between a reference surface and a sample
support 1s caused to occur while a sensor senses light intensity
at intervals along a scan path to provide a series of intensity
values representing interference fringes produced by a region
of a sample surface during said relative movement and from
which series of intensity values surface characteristic data can
be derived, wherein the sample support i1s both translatable
and tiltable, usually in two orthogonal directions perpendicu-
lar to a scan direction, a tilt determiner 1s provided to deter-
mine the degree of tilt, usually 1n the two orthogonal direc-
tions, and a controller 1s operable both to tilt and to translate
the sample support so as to tilt the sample support to cause the
sample surface region to be brought into an orientation nor-
mal to the scan path while also translating the sample support
to compensate for any translational movement resulting from
the tilting being effected about an axis which 1s not 1n the
plane of the surface region, thereby maintaining the same
region in the field of view of the mstrument.

According to another aspect of the present invention, there
1s provided a surface measurement instrument that can auto-
matically determine the tilt of a surface to be measured to
enable an accurate surface profile or measurement to be
achieved.

Another aspect of the present invention provides a support
apparatus for use 1n a surface measurement instrument, the
apparatus comprising an adjustable sample support stage
having a sample support to support the sample to be measured
mounted on a translatable base by at least three adjustors each
supporting a corresponding location of the sample support
and each configured to enable a spacing between the base and
sample support at that location to be changed to enable the
sample support to be tilted. In an embodiment, the base 1s
translatable 1n two orthogonal directions in a plane perpen-
dicular to a measurement direction, for example a scan direc-
tion, of the surface measurement instrument and the adjustors
enable the sample support to be rotated about respective axes
in those two directions. In an embodiment, the sample support
cannot be rotated about an axis 1n the measurement direction.

In an embodiment, the orientation of an area of interest of
the sample surface can be adjusted and then measurements
conducted on that area without a need to recalibrate the 1nstru-
ment.

Yet another aspect of the present invention provides a sup-
port stage apparatus for use 1n a surface measurement nstru-
ment for measuring an aspect of a surface, the apparatus
comprising an adjustable stage for supporting the surface to
be measured, the adjustable stage being adjustable to change
the orientation of the surface to be measured relative to a point
on the surface by three adjustors that mount the sample sup-
port on a base and may be but are not necessarily equiangu-
larly spaced apart about the centre of the base, each of the
adjustors being operable to move a corresponding part of the
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sample support 1n a direction towards or away from the base
so as to t1lt the sample support relative to the base and each of
the adjustors comprising a wedge assembly having: a base
wedge block which 1s fixed to the base and which has a
sloping face which slopes 1n a direction radially away from
the centre of the base; a slidable wedge block slidably
mounted on the sloping face of the base wedge block so as to
be movable in a direction towards and away from the centre of
the base, a slidable support block slidably mounted on the
slidable wedge block and supporting the adjustable stage at
the respective supported location; and a mover operable to
cause the slidable wedge block to move in said direction
radially towards or away from the centre of the base such that
the slidable support block mounted thereon also moves in said
direction towards or away from the base. The use of wedge
assemblies 1s provides an 1mverse mechanical advantage, so
that any suitable mover can be used to move the adjustable
stage 1n order to adjust the orientation of the sample surface 1n
controlled measurement intervals, for example in the order of
micrometers, without having to use costly micrometer preci-
s10n motors.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention will now be
described, by way of example, with reference to the accom-
panying drawings, in which:

FI1G. 1 shows a schematic block diagram of a surface mea-
surement instrument embodying the invention which com-
prises a broadband scanning interferometer having an adjust-

able support stage assembly;

FIG. 2 shows a functional block diagram of a computing
apparatus thatmay be configured to provide a data processing
and control apparatus of the surface measurement instrument

shown 1n FIG. 1;

FIG. 3 shows a schematic perspective view of an adjustable
support stage assembly of the surface measurement nstru-
ment shown 1n FIG. 1;

FIGS. 4a and 45 both show schematic side views of part of
the adjustable support stage assembly shown 1n FIG. 3 with
the position of a slidable wedge of one adjustor of the adjust-
able support stage assembly differing in FIG. 4a and FI1G. 45b;

FI1G. Sa shows a schematic cross-sectional side view taken
along the direction R-R 1n FIG. 3 through a part of the adjust-
able support stage assembly shown 1n FIG. 3 that includes an
adjustor;

FI1G. 55 shows a schematic perspective view of part of one
adjustor of the adjustable support stage assembly shown 1n
FIG. 3 to illustrate a drive chain of the adjustor;

FIG. 6 shows a schematic cross-sectional view taken along
line A-A 1 FIG. 4b of part of the adjustable support stage
assembly shown 1n FIG. 3;

FI1G. 7 shows a flow chart for illustrating operations carried
out by the data processing and control apparatus to cause
tipping and tilting of a tip-tilt stage of the adjustable support
platform assembly;

FIGS. 8a to 8¢ show diagrams for use 1n explaining calcu-
lation of the degree of tip and tilt of the tip-tilt stage;

FIG. 9 shows an exemplary image of an interference pat-
tern captured by the broadband scanning interferometer
shown 1n FIG. 1; and

FI1G. 10 shows a flow chart for illustrating operations car-
ried out by the data processing and control apparatus to deter-
mine the degree of tip and tilt of the tip-t1lt stage.

DETAILED DESCRIPTION

Referring now to the drawings, FIG. 1 shows a simplified
schematic block diagram of a surface measurement nstru-
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4

ment 1 which has a broadband or coherence scanning inter-
ferometer system 2 and data processing and control apparatus
3 consisting of data processor 4, control apparatus 5 and user
interface 6.

As shown 1n FIG. 1, an interferometer I of the broadband
scanning mterferometer system 2 has a broadband source 7,
typically comprising, 1n series, a quartz halogen lamp, a hot
mirror, a first collimating lens, a filter changer assembly, a
lens which focuses light on to an optical fibre cable, a diffuser
and a second collimating lens that provides an emergent light
beam L. The filter may be a neutral density filter or a band
pass lilter, designed to restrict the wavelength range of the
light emitted by the broadband source 7, such as a Helium-
Neon laser line filter designed to pass light having a Helium-
Neon laser line wavelength.

Light L 1s directed via a beam splitter 8 to an objective lens
assembly 9 which includes, in addition to an objective lens
10, a beam splitter 11 and a reference mirror 12.

The beam splitter 11 splits the light beam provided by the
beam splitter 8 mto a first reference beam that 1s directed
along a reference path RP to the reference mirror 12 and a
second sample beam that 1s directed along a sample path SP
(the direction labelled Z 1n FIG. 1) from the interferometer I
towards the surface 13 of a sample 14 mounted on an adjust-
able support stage 15. Light reflected from the reference
mirror 12 returns along the reference path RP to the beam
splitter 11 where 1t 1nterteres with light reflected from the
sample surface 13 back along the sample path SP. The inter-
tering light returns along a return path via the beam splitter 8
to a detector 16. The objective lens 10 acts with a camera lens
of the detector 16 to focus an 1image of the region of interfer-
ence onto the detector 16.

The interferometer may have, for example, a Mirau, Mich-
clson or Linnik configuration. The exemplary interferometer
I shown 1n FIG. 1 has a Mirau configuration.

The objective lens assembly 9, and thus the reference mir-
ror 12, 1s movable 1n the Z direction 1n FIG. 1 by a Z direction
mover 17, 1n this example a piezoelectric mover, under the
control of servo/drive circuitry 17e of the control apparatus 5,
to effect relative movement between the sample surface 13
and the reference mirror 12 so as to change the difference 1n
the lengths of the paths traveled by light reflected from the
reference mirror 12 and light reflected from the sample sur-
face 13. This 1s equivalent to moving the sample surface 13
along a scan path 1n the Z direction (as indicated in FIG. 1).

In this embodiment, the detector 16 has, as shown very
diagrammatically in FIG. 1, a 2D (two-dimensional) array SA
of 1image sensing elements SE where the array extends 1n a
plane perpendicular to the scan path, that 1s 1n the X and Y
directions in FIG. 1. The array SA i1mages an area of the
sample surface 13 falling within the field of view of the
detector 16. Each individual sensing element of the 2D sens-
ing array of the detector 16 detects the portion of the inter-
ference pattern falling within the acceptance cone of that
clement and resulting from a corresponding part (referred to
herein as a “surface pixel”) of the area of the sample surface
13 so that, effectively, the imaged area of the surface can be
considered as a 2D array of surface pixels. In this example, the
detector 16 1s a CCD (Charge Coupled Device) digital cam-
era, for example, a Vosskuhler GmbH: CCD 1300 CCD digi-
tal camera. As another possibility, a CMOS detector having a
2D array of CMOS sensing elements may be used. The sens-
ing elements are generally square to give the same resolution
in X and Y.

The detector 16 1s arranged to capture or sense the light
intensity (1.e. the interference pattern) at intervals as the ret-
erence mirror 12 1s moved. In this example, the detector 16
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captures or senses the light intensity at scan intervals corre-
sponding to movement of the reference mirror 12 by, for
example, 75 nm. 2D image or frame data representing the
intensity pattern for the field of view of the detector 16 are
acquired by the detector 16 at each interval.

The 1ntensity of the illumination sensed by one sensing
clement SE of the 2D sensing array (that 1s the portion of the
interference pattern provided by light reflected from the cor-
responding surface pixel of the sample surface 13 1maged on
that sensing element SE) varies as the path length difference
changes with movement of the reference mirror 12, resulting
in a series of fringes which have a coherence peak at the
position along the scan path corresponding to zero path length
difference.

As 1s well-known 1n the art of surface metrology, although
the sample surface 13 may be nominally smooth, the surface
may have some surface form and surface roughness so that
different surface pixels on the surface have different heights.
The position or point along the scan path at which the coher-
ence peak occurs will be different for surface pixels at differ-
ent heights. Accordingly, the surface profile or topology of an
area of the surface imaged by the detector can be determined
by conducting a measurement operation during which: the Z
direction mover 17 moves the objective lens assembly 19 to
cause relative movement between the sample surface 13 and
the reference mirror 12 along the scan path; 1images are cap-
tured at intervals along the scan path by the detector 16; and
the 1mages are analyzed to determine the coherence peak for
cach surface pixel imaged by the detector 16 and thence to
obtain a surface profile or height map for the area of the
sample surface being measured.

As so far described, the surface measurement instruments
may be as described 1n WO 2003/078925, WO 2004/048886

and/or WO 2004/104517, the whole contents of which are
hereby incorporated by reference.

The adjustable support stage 15 forms part of an adjustable
support stage assembly which, as described in WO 2003/
078925, WO 2004/048886 or WO 2004/104517 comprises an
X mover 17-1 and aY mover 17-2 for moving the stage 15 in
the X and Y directions, respectively, to enable different areas
of the sample surface 13 to be brought within the field of view
ol the detector 16 so that measurements can be made on those
different surface areas. Each of the X and Y movers 17-1 and
17-2 1s associated with a corresponding position sensor 17a-1
and 17a-2, respectively. The dashed lines 1n FIG. 1 indicate
that the X andY position sensors 17a-1 and 17a-2 may sense
movement of the adjustable support stage 15 directly rather
than by signals derived from the corresponding mover 17-1
and 17-2.

In addition, the adjustable support stage 15 of the surface
measurement instrument shown 1n FIG. 1 1s configured to be
tiltable about the X and Y axes to enable an area of a surface
to be measured to be positioned to lie 1n a plane perpendicular
to the scan path and the adjustable support stage assembly
includes three movers, an A mover 18-1, a B mover 18-2 and
a C mover 18-3 for causing this tilting. The A mover 18-1, B
mover 18-2 and C mover 18-3 can also be driven to cause a
translation 1n the Z direction. Each of the three movers 18-1,
18-2 and 18-3 1s associated with a corresponding position
sensor 18a-1, 18a-2 and 18a-3. Again, the dashed lines 1n
FIG. 1 indicate that the A, B and C position sensors 18a-1,
18a-2 and 18a-3 may sense movement of the adjustable sup-
port stage 15 directly rather than by signals dertved from the
corresponding mover 18-1, 18-2 and 18-3.

In the case of the X or Y movers 17-1 or 17-2, where the
mover 1s a motor, then the corresponding position sensor may
be alinear grating encoder. In the case of the A, B or C movers
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18-1, 18-2 or 18-3, where the mover 1s a motor, then the
corresponding position sensor may be a rotary optical
encoder such as a HEDL encoder, or a linear encoder. In this
example, the A, B and C movers 18-1, 18-2 and 18-3 are DC
motors, for example, Maxon 118889 EC32 motors and the
corresponding position sensors are Maxon 110512 500 line
HEDL encoders. The X and Y movers 17-1 and 17-2 are
stepper motors.

Where the Z mover 17 1s a piezoelectric mover, then the 7
position sensor 17a may be, for example, an interferometric
system, such as a grating system, or an LVDT that provides
signals representing movement of the objective lens assembly
9 relative to a housing of the interferometer 1. For example,
the housing of the objective lens assembly 9 may carry a
diffraction grating and a fringe detection interferometric sys-
tem may be mounted within the housing of the interferometer
to provide a count of the fringes to the Z data logger 22 as the
objective lens assembly 9 moves relative to the interferometer
housing. As another possibility, a capacitive sensor may be
used. As a further possibility a Michelson interferometer
(with a corner cube attached to the housing) may be used.

As will be described below, the interferometer system also
has pairs of end stop sensors 50-1 and 50-2 for sensing the
ends of movement paths of adjustors driven by the A, Band C
movers.

In this example, the control apparatus 5 comprises, 1n addi-
tion to the servo/drive circuitry 17e, X andY data loggers 16a,
a /Z datalogger 165, A, B and C data loggers 16¢ and end-stop
data loggers 21 each coupled to receive signals from the
corresponding sensor. The control apparatus 5 also has a
controller 19 for communicating with the user interface 6,
data processor 4, and other parts of the control apparatus and
for controlling overall operation of the interferometer system
2 so as, for example, to control the servo/drive circuitry 17e to
cause the Z mover 17 to move the objective lens assembly 9
by a distance corresponding to a scan after each exposure of
the 2D 1mage sensor detector 16 so as to capture 1images at the
required intervals, during a measurement operation.

The data processor 4 has a data receiver 23 with a frame
capturer 24 for recerving 2D 1image or frame data acquired by
the detector 16 and for storing the received image or frame
data 1n a frame buffer 25. The data processor 4 also has a
topography determiner 26 for processing received image or
frame data to determine the surface profile or surface topog-
raphy of a surface area imaged by the detector 16 by deter-
mining, for each surface pixel imaged by the detector 16, the
position along the scan path at which the coherence peak, or
a position having a predetermined relationship to the coher-
ence peak, occurs.

The data processor 4 also has a tip-tilt determiner 27 for
processing image or frame data captured by the detector 16 in
order to determine the tip-tilt orientation of the area of the
sample surface 13 falling within the field of view of the
detector 16. This area 1s referred to herein as the “measure-
ment area’ .

The data processor 4 also has a mover drive determiner
operable to determine, using the tip-tilt orientation calculated
by the tip-tilt determiner 27, the degrees of rotation about the
X-axis and about the Y-axis required to adjust the orientation
of the sample surface 13 so that the surface normal of the
measurement area of the sample surface 13 1s parallel to the
direction of the sample path SP. The mover drive determiner
28 1s also operable to determine the amount of movement
required to be caused by each of the X, Y, A, B and C movers
17-1,17-2,18-1, 18-2 and 18-3 to etlect the required tip-tilt
orientation adjustment while maintaining the same measure-
ment area 1n the field of view, and to convert those amounts of
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movement 1into respective drive data for supply to the control

apparatus 5 to enable the control apparatus to control the

movers 17-1, 17-2, 18-1, 18-2 and 18-3 to achieve the
required tip-tilt orientation adjustment.

The ability to both t1lt and tip and move the adjustable
support stage 15 1n the two directions orthogonal to the scan
path direction (that 1s the X and Y directions in FIG. 1)
enables the adjustable support stage to be adjusted so that
light 1s 1ncident normally of the measurement area thereby:
maximising the amount of the light that 1s reflected back by
the sample surface to interfere with the light reflected by the
reference mirror to provide a good signal-to-noise ratio in the
resulting interference pattern detected by the sensor; avoiding,
introducing additional unknown path length differences
which would adversely affect the measurement; ensuring
that, as far as possible, the light passes along the optical axis
ol the optical components to avoid possible optical aberration
1ssues; and obtaining the lowest measurement noise when
fringes falling within the measurement area are imaged by the
detector so that any external noise sources are common mode.

The data processing and control apparatus 3 may be imple-
mented by programming a computing apparatus, for example
a personal computer. FIG. 2 shows a simplified block diagram
of such a computing apparatus. As shown, the computing
apparatus has a processor 30 associated with memory 31
(ROM and/or RAM), a mass storage device 32 such as a hard
disk drive, a removable medium drive (RMD) 33 forreceiving
a removable medium (RM) 34 such as a floppy disk, CD-
ROM, DVD or the like, input and output (I/O) controllers 35
for interfacing with the components of the broadband scan-
ning interferometer system 1 to be controlled by the control
apparatus 5 (for example, the adjustable support stage 15) to
enable the processor 30 to control operation of these compo-
nents, user mput 36 consisting, 1 this example of a keyboard
364 and a pointing device 365, and user output 37 consisting,
in this example, of a display such as a CRT or LCD display
37a and a printer 375. The computing apparatus may also
include a commumnications interface (COMMS INT) 38 such
as a MODEM or network card that enables the computing
apparatus to communicate with other computing apparatus
over a network such as a local area network (LAN), wide area
network (WAN), an intranet or the Internet. In this example,
the computing apparatus has a dedicated frame capture circuit
board 39 installed within the computing apparatus to receive
the 2D 1image or frame data from the detector 16.

The processor 30 may be programmed to provide the data
processing and control apparatus 3 shown 1n FIG. 1 by any
one or more of the following ways:

1. by pre-installing program instructions and any associated
data in a non-volatile portion of the memory 31 or on the
mass storage device 32;

2. by downloading program instructions and any associated
data from a removable medium 34 received within the
removable medium drive 33;

3. by downloading program instructions and any associated
data as a signal SG supplied from another computing appa-
ratus via the communications interface 38; and

4. by user mput using the keyboard 36a and, il appropriate,
the pointing device 3654.

The computing apparatus, when programmed by program
instructions to provide the control apparatus 5, enables an
orientation adjustment and a measurement operation to be
controlled in accordance with mstructions received by a user,
and the resulting frame data supplied by the detector 16 to be
analysed to determine the surface profile or topography of the
measurement area of the surface imaged onto the 2D array of
the detector 16. The data acquisition and the analysis to deter-
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mine the coherence peaks for each surface pixel imaged by
the detector 16 and thence to obtain a surface profile or height
map for the area ol the sample surface being measured may be
carried out as described 1n W0O2003/078925, W0O2004/
048886 and/or WO2004/104517.

As those skilled in the art will appreciate, the functional
blocks of the data processing and control apparatus 3 illus-
trated 1n FIG. 1 are representative of the functionality pro-
vided by the apparatus. This functionality 1s not necessarily
provided by separate components but may be integrated
within or distributed throughout the apparatus. In addition,
the functionality may be implemented by software, by firm-
ware, by hardware such as dedicated circuits, or any combi-
nation of these.

An example of a suitable adjustable support stage assem-
bly 15a for the surface measurement instrument shown in
FIG. 1 will now be described 1n detail with the aid of FIGS. 3
to 6 in which FIG. 3 shows a schematic perspective view of
the adjustable support stage assembly 15a, FIGS. 4a and 456
show schematic side views of part of the adjustable support
stage assembly, FIG. 5a shows a schematic cross-sectional
side view taken along the direction R-R 1n FIG. 3, FIG. 55
shows a schematic perspective view of part of the adjustable
support stage assembly, and FIG. 6 shows a schematic cross-
sectional view taken along line A-A 1n FIG. 4b.

The adjustable support stage 15 has an XY stage 43 which,
although not shown 1n FIGS. 3 to 6, 1s movable in the X and
Y directions by the X and Y movers 17-1 and 17-2, respec-
tively. In this example, the X and Y movers 17-1 and 17-2
comprise DC motors coupled to the XY stage 43 by appro-
priate conventional drive mechanisms such as rack and pinion
or ball screw drive mechanisms (not shown).

A base 42 fixedly mounted to the XY stage 43 carries three
equiangularly spaced adjustors 41a, 415 and 41¢. Each adjus-
tor 41a, 415 and 41 ¢ provides a respective one of three sup-
port locations a, b and ¢ for a tip-t1lt stage 40. As shown in
FIG. 3, the tip-tilt stage 40 has a hexagonal shape, with
alternate short and long sides. The shape and size of the tip-tilt
stage 40 1s, however, not important as long as the tip-tilt stage
40 1s supported by the adjustors 41a, 415 and 41¢ at support
locations which are spaced apart about the centre C of the
tip-tilt stage 40.

The adjustors 41a, 415 and 41¢ each comprise a respective
one of the movers 18-1, 18-2 and 18-3 coupled by a drive train
to a corresponding wedge assembly 44. As can be seen most
clearly in FIGS. 4a, 4b and 5a, each wedge assembly 44 has
a base wedge 45 fixedly mounted to the base 42, a slidable
wedge 46 slidably supported on the base wedge 45 and a
slidable support block 47 slidably mounted on the slidable
wedge 46. In each wedge assembly 44, the cooperating faces
of the base wedge 43 and the slidable wedge 46 slope towards
the centre of the base 42 so that the distance between these
faces and the base 42 increases 1n a direction away from the
centre of the base 42. The cooperating surfaces of the slidable
wedge 46 and the slidable support block 47 are parallel to the
base 42.

Each slidable wedge 45 1s coupled to the drive train of the
corresponding mover 18-1, 18-2 or 18-3 so that driving of the
corresponding mover 18-1, 18-2 or 18-3 causes the slidable
wedge 45 to slide relative to the base wedge 45 1n a respective
one of three directions R1, R2 or R3 extending radially from
and equiangularly spaced about the centre C of the base 42.

Each support location a, b and ¢ 1s formed by a ball and
socket coupling consisting of a ball shaped connector 52 and
a frusto-conical seat 53. Each ball shaped connector 52 is
mounted 1n and projects from a corresponding hemispherical
recess (not visible 1n the Figures) machined 1n the corre-
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sponding slidable block and the corresponding frusto-conical
seat 1s provided by a frusto-conical through-hole 353
machined through the tip-t1lt stage 40 so as to taper away from
the ball connector 52 (the ball shaped connector 52 of the
third adjustor 41¢ 1s not shown 1n FIG. 3).

By virtue of the freely slidable slidable blocks 47 and the
slidable wedges 46, the wedge assemblies 44 act to convert
movement 1n the radial directions R1, R2 and R3 (FIG. 3) into
movement 1n a direction towards and away from the base 42
(that 1s 1in the Z direction 1n FIG. 3) enabling tilting of the
tip-tilt stage about the X and Y axes. Thus, as can be seen by
comparing FIGS. 4a and 45 which show schematic side views
of part of the adjustable support stage assembly 15a, driving
of one of the movers (the mover 18-1 1n FIGS. 44 and 4b) to
cause the corresponding slidable wedge 46 to slide relative to
the base wedge 45 and the slidable support block 47 to slide
towards the centre of the base 42 (towards the right 1n FI1G. 4a)
decreases the distance between the base 42 and the corre-
sponding support locations a, b or ¢, thereby tilting the cor-
responding part of the tip-tilt support stage towards the base
42 1n the corresponding radial direction (R1 1n FIGS. 4a and
4b) as shown in FI1G. 4a while driving of a mover 18-1, 18-2
or 18-3 to cause the corresponding slidable wedge 45 to slide
relative to the base wedge 46 and the slidable support block 47
to slide away from the centre of the base (towards the left in
FIG. 4b) increases the distance between the base 42 and the
support locations a, b or c, thereby tilting the corresponding
part of the tip-tilt support stage away from the base 42 1n the
corresponding radial direction (R1 in FIGS. 4a and 45b) as
shown 1n FIG. 4b.

The wedge assemblies provide an inverse mechanical
advantage so that any suitable mover can be used to move the
adjustable stage in order to adjust the orientation of the
sample surface 1n controlled measurement intervals, for
example 1n the order of micrometers, without having to use
costly micrometer precision motors. The use of wedge assem-
blies 1s also advantageous over, for example, levers because:
the wedge assembly allows for larger immverse mechanical
advantage than a lever because a very shallow wedge may be
used whereas a lever would require the drive to be far from the
pivot to achieve similar mnverse mechanical advantage; the
wedge assembly desensitises a lead screw of the drive train
from movement of the wedge assembly components; the
wedge assembly reduces the effect of instability of the motors
which may otherwise cause undesired movement of the stage
during measurement; the components of the wedge assembly
are under a compressive load rather than a bending load; and
the wedge assemblies do not, unlike levers, exhibit arcuate
motion which would affect the motion of the adjustable sup-
port stage 13.

Any suitable mechanisms may be used for enabling the
slidable support block 47 to slide relative to the slidable
wedge 46 and for enabling the slidable wedge 46 to slide
relative to the fixed base wedge 45.

In this example, as shown best by FIG. 6, the slidable
wedge 46 has an I shape 1n cross-section defining recesses
46a and 46b while the respective surfaces of the slidable
block 47 and the fixed wedge 435 facing the slidable wedge
cach have a T shape in cross-section defining a corresponding
central section 45a and 47a received within the correspond-
ing recess 46a and 46b. A respective slideway arrangement
470 and 471 1s provided between opposed faces 46'a and 47
and opposed faces 46"a and 47" of the central section 47q and
the recess 46a. Similarly a respective slideway arrangement
472 and 473 1s provided between opposed faces 46'6 and 45
and opposed faces 46" b and 45" of the central section 45q and
the recess 46b.
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Each slideway arrangement 470, 471, 472 and 473 has a
pair of cooperating guide rails 48-1, 48-2, 48-3 and 48-4 with
one guide rail of each pair being mounted to the recess face
and the other to the opposed face of the corresponding central
section 45a and 47a. Between the guide rails of each pair of
guide rails 1s provided a crossed roller slideway 480, 481, 482
and 483 comprising a series of rollers held together between
the guide rails by a roller cage with the rollers alternating in
direction so as to provide uniform support along the length of
the roller cage and thus uniform slidable movement between
the guide rails. For example, the crossed roller slideway
arrangements may be Ondrives CRW3-75 Crossed Roller
Ways, RS Part Number 412-0673.

As mentioned above with reference to FI1G. 1, each adjustor
has a pair of end stop sensors 50-1 and 50-2. As shown 1n
FIGS. 3, 4a and 4b, the end-stop sensors 50-1 and 50-2
cooperate with corresponding end-stop magnets 49-1 and
49-2. The end-stop magnets 49-1 and 49-2 of an adjustor are
mounted one on each side face of the slidable wedge 46 away
from the ends and define respective limits of slidable move-
ment of the slidable wedge 46 relative to the base wedge 435
towards or away from the centre of the base 42. The corre-
sponding end-stop sensors 50-1 and 50-2 are mounted one on
cach side face of the base wedge 45.

In each wedge assembly, one of the end-stop sensors 50-1
1s mounted toward the end of the base wedge 45 that 1s away
from the centre of the base 42 (as shown for the first adjustor
41a mn FIGS. 3, 4a and 4b) and the other end-stop 50-2 is
mounted on the opposite side face towards the end of the base
wedge 45 that 1s closer to the centre of the base 42 (as shown
for the second adjustor 415 1n FIG. 3). Each end-stop sensor
50-1 and 50-2 1s arranged to detect when the corresponding
end-stop magnet 49-1 or 49-2 comes 1nto its sensor range and
to provide a signal via a cable (partly shown 1in FIGS. 4 and
4b) to the corresponding end stop logger 21 of the control
apparatus 5 to cause the controller 19 to control the respective
mover 18-1, 18-2 or 18-3 to prevent further movement of the
associated slidable wedge 45. In this embodiment, the end-
stop magnets 49-1 and 49-2 are, for example, RS end-stop
magnets RS Part Number 361-5009 and the end-stop sensors
50-1 and 50-2 are, for example, end-stop sensors RS Part
Number 361-4999.

The drive trains coupling the movers 18-1, 18-2 and 18-3 to
the shidable wedges 46 will now be described with the aid of
FIGS. 5a, 536 and 6. (FIGS. 4a and 45 show the drive train 1n
phantom lines.)

FIG. 5a shows a schematic cross-sectional side view
through part of the adjustable support platform assembly 13a
along the direction of movement R1 of the adjustor 41a while
FIG. 55 shows a schematic perspective view of that part of the
adjustable support platform assembly with the slidable wedge
46, slidable block 47 and tip/tilt stage 40 removed so as to
show the drive train 60 of the adjustor 41a. The mover 18-1
has been omitted from FIGS. 54 and 3.

As shown 1n FIGS. 5q and 56 (and also 1n phantom lines 1n
FIGS. 4a and 4b), each drive train 60 consists of a lead screw
54 coupled at 1ts end most remote from the centre of the base
42 to a mover coupling 57 (omitted from FIGS. 5a and 55 but
visible 1 FIG. 4a) which couples the lead screw 54 to the
corresponding mover, as shown 1n FIGS. 4a and 45 the mover
18-1. In this example, the mover couplings 57 are Unilat
Clamp type couplings with a Bore D3 at both ends, for
example, Ondrives couplings Part Number UNL18-5/5.

Central sections of the cooperating faces of the base wedge
45 and the slidable wedge 46 having opposed channels 59qa
and 5956 defining a drive train chamber 59. As shown 1n FIG.

554, the lead screw 54 enters the drive chain chamber 59 via an
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aperture 1 an end face of the base wedge 45 and extends
through the chamber 59 to exit via another aperture 1n the
opposed end face of the base wedge 45. The lead screw 1s
supported at the apertures by rolling bearings that constrain
the movement of the lead screw to one degree of freedom
along its axis so that the lead screw can rotate about 1ts axis
relative to the base wedge 45. A bolt 58 1s provided on the free
end of the lead screw projecting from the end face of the base
wedge 45 to hold the lead screw 1n place.

The portion of the lead screw 54 extending through the
drive chain chamber 59 carries a lead screw nut 55 which 1s
guided by the drive chain chamber 59 so as to slide along the
drive chain chamber 59 1n the movement direction (the direc-
tion R1 for the mover 18-1) as the lead screw 54 1s rotated by
the mover coupling.

As shown 1n FIG. 55, the side of the lead screw nut 55
facing the radially outward end of the base wedge 435 1s
formed with a groove 354 that engages a nut engagement ball

56 received within the drive chain chamber 59 and fixedly
attached to the slidable wedge 46. As shown in FIG. Sa, the

nut engagement ball 56 1s located approximately haltway
along the length of the channel 395. The nut engagement ball
56 engages with the groove 554 so that the only force applied
to the nut engagement ball 56 1s 1n the movement direction,
that 1s the direction R1 for the adjustor 41a. The groove 554
and nut engagement ball 56 coupling restricts the movement
of the nut to two degrees of freedom and stops 1t rotating
round the lead screw 54.

The weight of the tip-tilt stage 40 (and any sample 14
supported thereon) acts on the slidable support block 47 and
the slidable wedge 46, thereby applying a force on the slid-
able wedge 46 1n a direction towards the base 42. The slidable
wedge 46 1s therefore biassed by gravity in a direction radially
inwards along the sloping face of the base wedge 45. How-
ever, the engagement of the nut engagement ball 56 of the
slidable wedge 46 with the groove 55a of the lead screw nut
53 prevents the slidable wedge from moving except with the
lead screw nut 55 when the lead screw 1s rotated by the
corresponding mover.

When the controller 19 of the control apparatus 5 drives the
mover 18-1 to rotate the motor coupling 57 1n a clockwise or
counter-clockwise direction, the lead screw 54 rotates 1n the
same direction. As the lead screw 54 rotates, the lead screw
nut 55 through which the lead screw 54 1s threaded moves
along the channels 594 and 595 towards or away from the
centre ol the base 42, depending on the direction of rotation of
the lead screw 54. As described above, this movement causes
the slidable wedge 46 to move towards or away from the
centre of the base in the radial direction (R1 for the adjustor
41a) causing the corresponding support locations a, b and ¢ to
move towards or away from the base 42 1n the Z direction
thereby, thereby adjusting the orientation of the tip-tilt stage
40 and the surface 13 of the sample 14 supported thereon.

It will be appreciated that the other two adjustors 415 and
41c¢ are constructed and operate 1n the same way as the adjus-
tor 41a.

The control apparatus 5 can control the A, B and C movers
18-1,18-2 and 18-3 of the adjustors 41a, 415 and 41 ¢ to cause
the tip-tilt stage as a whole to move toward or away from the
base 42 1n the Z direction.

The control apparatus 3 can also control the A, B and C
movers 18-1, 18-2 and 18-3 of each respective adjustor 41a,
416 and 41¢ independently or 1n any combination to cause the
tip-tilt stage 40 to rotate about the X-axis and/or about the
Y-axis to adjust the orientation of sample 14 supported
thereon.
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As described above, the control apparatus S can also con-
trol the X mover 17-1 and the Y mover 17-2 of the XY stage
43 to translate the tip-tilt stage 40 1n the X and Y directions.
Therefore, control apparatus 5 can control the adjustable sup-
port stage 15 to adjust the position and orientation of the
tip-tilt stage 40 1n a total of five degrees of freedom. In this
embodiment, the adjustable support stage 135 cannotrotate the
tip-tilt stage 40 about the Z-axis.

The way 1n which the data processing and control appara-
tus 3 controls the adjustable support stage 15 to adjust the
position and orientation of the tip-tilt stage 40 1n order to
adjust the orientation of the area of interest (the measurement
area) of the sample surface 13 will now be described with
reference to FIG. 7, which shows a flow chart for illustrating
the operation of the data processing and control apparatus 3 to
t1p and tilt the tip-tilt stage 40 of the adjustable support stage
15 1n order to rotate the sample surface 13 about a point 1n the
area ol interest, this point being the centre of the screen of the
camera corresponding to the mid-focal point of the camera
lens of the detector 16.

As shown in FIG. 7, at S7-1 the tip-t1lt determiner 27 of the
data processor 4 carries out a procedure to determine the
angle of rotation about the X-axis (0, as shown in FIG. 3) and
the angle of rotation about the Y-axis (0,, as shown in F1G. 3)
required to adjust the orientation of the sample surface so that
the area of interest 1s orthogonal to the scan path direction (the
/. direction 1n FIG. 1). This procedure will be described 1n
greater detail below with reference to FIGS. 9 and 10.

At S7-3 to S7-9, the mover drive determiner 28 then carries
out procedures that enable calculation of the amount by
which each of the X, Y, A, B and C movers 17-1, 17-2, 18-1,
18-2 and 18-3 of the adjustable support stage 15 needs to be
driven to adjust the position and orientation of the tip-tilt
stage 40 to achieve the determined required degrees of rota-
tion 8, and 6., of the sample surface 13 while maintaining a
point of interest P at the same X,Y,Z position.

The way in which the mover drive determiner 28 carries out
these procedures will be described with the aid of FIGS. 8a,
86 and 8¢ 1n which the tip-t1lt stage 40 1s represented by a
triangle having apices A, B and C representing the locations
(that 1s the location of the central axes of the frustoconical
holes) of the three ball connectors 52 of the respective adjus-
tors 41a, 415 and 41¢ and 1n which a point of 1nterest repre-
senting a point within the measurement area of the sample
surface 13 (that 1s the area of the sample surface 13 that 1s
within the field of view of the detector 16) 1s represented as P.
In this example, the point of interest P corresponds to a pixel
in the middle of the field of view of the detector 16, which as
mentioned above 1s the mid-focal point of the camera lens of
the detector 16.

FIG. 8a shows an X-Y plan view of the tip-tilt stage rep-
resentation while FIGS. 85 and 8¢ show views of the tip-tilt
stage representation 1n the X-7 and the Y-Z planes, respec-
tively, and also show, 1n dashed lines, the tip-tilt stage repre-
sentation rotated about the X and Y axes by the required
amounts 0, -and 0, with the locations of the points A, B and C
alter rotation being indicated as A', B' and C', respectively.

Referring back to FIG. 7, at S7-3 the mover drive deter-
miner 28 first determines the X, Y, Z position of a fixed
reference datum point D (FIG. 8a) of the tip-tilt stage 40.

In this example, the mover drive determiner 28 determines
the location of the reference datum point D in the X-Y plane
by determining the location of the conical holes 53 1n the
surface of the tip-tilt stage 40. The locations of the conical
holes 53 are determined using the interferometer I to locate
the edges of the holes and thus the peripheries of the holes
from which the X, Y locations on the adjustable support stage
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15 of the centres of the holes and thus the apices A, B and C
can be determined. The datum point D 1s identified as the
point located haltway between the points B and C on the line
connecting those two points.

The control apparatus 5 determines the Z coordinate of the
reference datum point D by measuring the Z location of the
surface of the tip-tilt stage 40. the Z location 1s determined by
using the interferometer I to determine the Z position at which
interference fringes of the surface of the tip-tilt stage 40 are
visible and for which the 1image contrast 1s a maximum. The
mover drive determiner 28 then adds the known distance of
the centres of the ball connectors 52 from the surface of the
tip-tilt stage 40 to the measured Z location so as to determine
the Z location of the datum point D. In this embodiment, the
calculation of the datum point 1s performed during a calibra-
tion step and then stored as a known constant value.

Then, at S7-5 the mover drive determiner 28 determines the
distances X, V5, and z, in the X, Y and Z directions, respec-
tively, between the datum point D and the point of interest P
about which the tip-tilt stage 40 1s to pivot. The determined
distances X ,,, ¥, and z,, are calculated by subtracting the X,
Y and Z coordinates of the point of mterest P from the X, Y
and 7 coordinates of the datum point D.

Then, at S7-7, the mover drive determiner 28 determines
the amount of movement AA, AB and AC required to be
caused by each of the A, B and C movers 18-1, 18-2 and 18-3
of the adjustors 41 and then the amount by which each of A,
B and Cmovers 18-1, 18-2 and 18-3 of the adjustors 41 needs
to be driven (the “drive amount”) 1n order to achieve that
movement so as to tip and tilt the tip-tilt stage 40 by the
determined required degrees of rotation 0,-and 0 -about the X
and Y axes.

The mover drive determiner 28 determines the amounts of
movement AA, AB and AC as a combination of the amounts of
movement dAl, dB1 and dC1 required to achieve the required
rotation 0, about the Y-axis (FIG. 85) and the amounts of
movement dA2, dB2 and dC2 required to achieve the required
rotation O about the X-axis (FIG. 8¢).

The amount of movement required to move the point A to
A' 1s calculated as:

AA=dA1+d A2 (1)

where

(2)

dAl1=zp-zpcos O, +xps1n 6,
and

dA2=zp—zpcos O, —(H+vpy)sin O, (3)

and where X, v, and z,, are the distances between the point
of interest P and the datum point D determined at S7-5, and H
1s the distance along the Y-axis between point A and points B
and C defined by the geometry of the tip-tilt stage 40.

The amount of movement required to move the point B to
B' 1s calculated as:

AB=dB1+dB2 (4)

where

(3)

dBl1=zp-zpcos O +(U=xpsin 6,
and

(6)

and where U 1s the distance along the X-axis between datum
point D and point B or C defined by the geometry of the tip-talt
stage 40.

db2=z—z7cos O —y5)-sin O
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The amount of motor movement to move the point C to C'
1s calculated as:

AC=dC1+dC? (7)

where

(8)

dCl=zp-zpcos 0, —(U+xp)sin 6,
and

(9)

The mover drive determiner 28 then determines the drive
amounts required to achieve these amounts of movement AA,
AB and AC using the known motor drive characteristics.

Thus, at S7-9, the mover drive determiner 28 calculates the
amount movement AX and AY of the adjustable stage 15
required to be produced by the X andY movers 17-1 and 17-2,
respectively and from this AX and AY determines the amount
by which each of the X and Y movers need to be driven to
achieve that amount of movement. The amounts of movement
AX and AY are calculated as the movement required to com-
pensate for movement of the datum point D to a position D' as
a result of rotation about the Y-axis by 0, (as shown in FIG.
8b) and rotation about the X-axis by 0, (as shown 1n FIG. 8¢).

The amount of translational movement in the X direction s
calculated as:

dC2=z -z cos 0 —yp)sin O

Ax=dx=zpsin 0, +xp—xpcos 0, (10)

while the amount of translational movement inthe Y direction
1s calculated as:

(11)

It will be appreciated that the above determinations of Ax
and Ay are approximations. The departures from the results
obtained by more rigorous analysis may be expressed in terms
of empirically generated functions:

Av=dy=zp-sin 0_+vp—vycos 0,

AX-AX,=4,0,0,+B 0.0 ; (10a)

Ay-Ay,=C,10,|+8 ,x0,0 +D ,(1-cos(£40,)) (11a)

providing correction factors which may be added to Ax and
Ay, where Ax, and Ay, are the results obtained by the more
rigorous analysisand A_, B_, C_, D_ and E_ are empirically
determined constants. These functions have fits to approxi-
mately 1 nanometer.

Once the mover drive determiner 28 has determined from
the calculated amounts of movement AA, AB, AC, Ax and Ay
the amounts by which the respective movers need to be driven
(the drive amounts) to achieve that amount of movement then,
at S7-11, the control apparatus 3 uses the drive amounts
calculated by the mover drive determiner 28 to drive the
respective movers 17-1, 17-2, 18-1, 18-2 and 18-3 to tip and
t1lt the tip-tilt stage 40 about the point of interest P by the
degrees of rotation 0, and 0, determined at S7-1 while main-
taining the X, Y position of the point of interest P.

As described above, the tip-t1lt determiner 27 determines at
S7-1 the required degrees of rotation of the tip-tilt stage 40
about the X and 'Y axes to render the direction 1n which light
1s 1ncident on the measurement area of a sample surface 1s
normal to the sample surface.

One way of determining the required degrees of rotation
about the X and Y axes will now be described with reference
to FIGS. 9 and 10 1n which FIG. 9 shows an example of an
image that may be displayed on the display 37a (FIG. 2) of a
frame captured by the frame capture circuit board 39 of the
data processing and control apparatus 3 at one position along
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the scan path during a measurement process on a measure-
ment area of a sample surface.

As described above, each pixel of the image shown 1n FIG.
9 represents, for a particular position along the scan path, the

light intensity sensed by a corresponding sensing element of >

the 2D sensing array and resulting from the interference
between the light reflected from the reference mirror 12 along,
the reference path RP and the light reflected from sample
surface 13 along the sample path SP (shown in FIG. 1).

In this example, the tip-t1lt determiner 27 calculates the
orientation of the measurement area of the sample surface 13
from the predominant phase gradient of the fringes. FIG. 10
shows a tlow chart for illustrating this procedure.

Initiation of the tip-tilt determination may be effected by
the user using the user intertace 6 once a sample to be mea-
sured has been mounted on the support stage. When a tip-tilt
determination 1s mitiated, at S10-1 in FIG. 10, the objective
lens assembly 9 1s moved until fringes such as those shown 1n
FIG. 9 are visible 1n an in-focus 1image. This movement of the
objective lens assembly 9 may be achieved manually by auser
viewing the detector output on the display 37a to check for the
fringes or automatically by the control apparatus 3 causing
movement 1n the Z direction until the control apparatus deter-
mines, using an appropriate auto-iringe finding technique,
that the surface 1mage 1s 1n focus and the fringes are visible.
As an example, the control apparatus 5 may determine that
the fringes are visible in the captured image for which the
image contrast 1s a maximum. The control apparatus may
elfect movement in the Z direction by using the Z mover
and/or by driving the A, B and C movers all by the same
amount, generally simultaneously.

Once the Irnnges are determined to be visible and 1n-focus,
then at S10-3 the control apparatus 5 causes the frame cap-
turer 24 to capture the currently sensed 1image data and store
the currently sensed image data 1n the frame buffer 25.

In this example, the tip-tilt determiner 27 uses four succes-
stve frames of 1mage data captured by the frame grabber at
quarter-wavelength intervals along the Z-scan path 1n order to
determine the predominant phase gradient of the fringes, that
1s four successive 1mages captured at a scan interval of A/4
where A 1s the mean wavelength of the interferometer, which
mean wavelength may be determined by calibration. There-
fore at S10-5 1n FI1G. 10, the control apparatus 3 determines
whether or not four image frames have been captured at
quarter-wavelength intervals 1n the scan path direction and
stored in the frame butler 25. As only the first image frame has
been captured, the processing continues to S10-7 where the
control apparatus 5 controls the servo/drive 17¢ to drive the Z
mover 17 to move the objective lens assembly 9 (and thus the
reference mirror 12) 1n order to change the path difference by
a quarter-wavelength.

The processing of S10-7 and S10-3 is repeated until the
control apparatus S5 determines at S10-5 that four image
frames have been captured and stored in the frame buiter 25
at quarter-wavelength intervals.

Once four 1mage frames have been captured, at S10-9 the
control apparatus 5 causes the tip-t1lt determiner 27 to deter-
mine a normalised amplitude and an average phase gradient
for each pixel of the captured 1image frames.

Thus, at S10-9, the tip-t1lt determiner 27 calculates an
amplitude and phase value for each pixel in the field of view
of the detector 16.

The intensity at a pixel can be represented as:

I(x,y,2)=I+m cos(AB+01) (12)
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in which I is the average intensity, m cos A0 is the fringe or
intensity modulation and m cos ot 1s the effect of the addi-
tional phase shift.

For the four phase shifting steps set out above, the corre-
sponding four intensity values obtained for a pixel can be
represented as:

I,=I+m cos AO (13a)

I =I+m cos(AO+m/2)=I-m sin AO (135)

L=I+m cos(AO+m)=I-m cos AD (13c¢)
I;=I+m cos(AO+3m/2)=I+m sin AO (13d)
so that:
I — 1 2msinAd oA (13e)
In— 1  2mcosAd

and so the phase 1s given by:

-1

Iy — D

(14)

Ad = arctan

The tip-t1lt determiner 27 calculates the phase for each
pixel for the frame for which 6t=0 1n accordance with equa-
tion 14 above.

In the example described above, the first of the four phase
shifting steps 1s the image 1n which the fringes are visible and
the A/4 scan steps are all positive. However, this need not
necessarily be the case. For example, once the image 1s in
focus and the fringes located, the first of the four images may
be acquired after a scan step of —A/4 so that the four 1images
are taken at intervals of —=A/4, 0, A/4 and A/2. This reduces the
distance moved 1n either direction away from the in-focus
position which 1s advantageous 1 the fringes are likely to
occur over only a short distance. It will of course be appreci-
ated that the equations given above will still apply because m
cos(AO-m/2)=I+m(sin AB). Also, of course, the four phase
shifted 1mages may be acquired 1n the reverse order.

The tip-tilt determiner 27 also calculates the amplitude A
for each pixel of the original acquired 1mage amplitude 1n
accordance with:

A= 0952+sin2=\/(10— P +H(I=1))? (15)

The calculated average phase gradients of the fringes are
used to determine the predominant phase gradient for the
image frames and the calculated fringe amplitudes are used to
prevent noise from distorting the average phase gradient.

At S10-11, the tip-t1lt determiner 27 normalises the ampli-
tude calculated at S10-9 by dividing the determined ampli-
tude by the mean of the four intensity values I, I,, I, and I,.

Then at S10-13, the tip-tilt determiner 27 determines the
phase gradient in the X and the Y directions at each pixel
location. The phase gradient 1n the X direction at a pixel
location 1s determined by subtracting the phase value for the
pixel to the left from the phase value for that pixel. Similarly,
the phase gradient of the fringes 1n the Y direction at a par-
ticular pixel location 1s determined by subtracting the phase
value for the pixel above from the phase value for that pixel.
As those skilled 1n the art will appreciate, the phase values for
the pixel to the right and the pixel below could be used instead
of the pixel to the left and the pixel above. Also, the pixels
used to determine the phase gradient need not be the imme-
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diately adjacent pixels but could be the second, third or fourth
closest pixel, 1n each direction. Using a pixel other than the
immediately adjacent pixel should have the advantage of
reducing the effect of noise. For similar reasons two or three
neighbouring pixels, rather than a single neighbouring pixel,
may be used 1n determining the phase gradient.

AtS10-15, the tip-talt determiner 27 determines whether or
not the magnitude of any of the phase differences determined
at S10-13 1s greater than m/2. Any phase difference with a
magnitude greater than /2 1s discarded at S10-17 to prevent
phase jumps or steps destroying the average gradient. The
phase gradient 1s also discarded 11 the normalized amplitude
1s below a threshold to prevent noise distorting the average
phase gradient.

At S10-19, the tip-t1lt determiner 27 determines the pre-
dominant phase gradient 1in the X and Y directions from the
valid phase gradients. In this embodiment, the predominant
phase gradient in each direction 1s determined by producing
histograms of the valid phase gradients in the X direction and
in the Y direction, respectively, applying a Gaussian curve-it
to the highest peak in each histogram and taking the position
of the peak of the fitted Gaussian as the predominant phase
gradient for the respective direction. It may be possible sim-
ply to use the highest phase gradient value but 11 the peak 1s
quite broad this may be difficult to ascertain accurately.

The above assumes that the pitch between surface pixels
sensed by adjacent sensing elements 1s 1 and also 1s deter-
mined using a scan interval represented by phase rather than
distance. Accordingly, at S10-21, the tip-tilt determiner 27
scales the predominant phase gradients determined at S10-19
by multiplying each predominant phase gradient by the actual
scan step distance divided by m/2 and by dividing each pre-
dominant phase gradient by the surface pixel pitch, which
surface pixel pitch may be determined 1n a calibration step 1n
which a circle of known radius 1s 1maged. As another possi-
bility, the actual scan step and surface pixel pitch may be
taken into account when determining the phase gradient, that
1s the scaling may be eflected before determination of the
predominant phase gradients.

The scaled predominant phase gradient 1in each direction
represents the tangent of the tilt or oifset 1n that direction and
so the scaled predominant X and Y phase gradients provide
direct indications of the angular offset from the normal for the
X and Y directions, respectively. Using the predominant
phase gradient rather than an average phase gradient or a best
plane fit through the phase gradient data to determine the X
and Y tilts or offset angles has the advantage of enabling an
accurate indication of the tilt of the sample surface even
where the sample surface 1s stepped. In contrast, using an
average phase gradient or a best fit plane through the gradient
data may, where the surface 1s stepped, give tilt results which
are distorted by the gradients of the steps themselves and/or
by the relative proportions of the measurement area on either
side of the step. Of course, where the sample surface 1s not
stepped, then average phase gradient or a best plane fit
through the phase gradient data may be used to determine the
X and Y tilts or oflset angles.

At S10-23, the tip-tilt determiner 27 determines, from the
determined predominant phase gradient in the X and Y direc-
tions, the corresponding degrees of rotation about the X-axis
and about the Y-axis necessary to compensate for these angu-
lar ofisets so as to bring the measurement area containing the
point of interest P 1nto an orientation normal to the scan path
direction.

At 510-23 the mover drive determiner 28 then determines
the drive amount as explained above with reference to FI1G. 7

foreach ofthe X, Y, A, Band C movers17-1,17-2, 18-1, 18-2
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and 18-3 of the adjustable support stage 15 to achieve the
required degrees of rotation 6, and 6, while maintaining the
position of the point of interest P.

Therotations 0, and 6, of the sample support may cause the
fringes to disappear from the in-focus image, where the
fringes are ofl to one side 1n the in-focus image. The control
apparatus may be operable to repeat the fringe finding opera-
tion described above (Tor example by determining the highest
contrast ratio image) to bring the fringes back into focus once
the sample surface has been leveled, or the user or operator
may manually adjust the Z position to bring the fringes back
into focus.

As another possibility, the t1lt determiner 27 may be oper-
able to use the position of the strong fringes within the image
in combination with the phase gradients to determine the Z
position change (height offset) required to centre the fringes
so that the fringes are visible 1n the in-focus 1image when the
sample surface 1s leveled and the control apparatus 5 operable
to cause the Z position to be changed by the Z position change
determined by the tilt determiner 27. The tilt determiner 27
may determine the X andY positions of the fringes within the
in-focus 1image by taking moments about the top and the left
of the image.

In an example, the t1lt determiner 27 1s operable first to
determine X and Y moments by: multiplying each pixel
amplitude above a predetermined threshold separately by the
distance to the top edge and the distance to the left edge,
respectively, of the image, to give Y and X pixel moment
values; accumulating the X pixel moment values to produce
an X accumulated value and accumulating the Y pixel
moment values to produce aY accumulated value; and divid-
ing the X and Y accumulated values by the sum of the pixel
amplitudes to give X and Y moments X, andY, .

The t1lt determiner 27 1s then operable to estimate or deter-
mine the Z position change or height offset required to centre
the fringes as being:

2(X,,tan 0 +Y,,tan O)

that is the sum of {the X moment X, ,multiplied by the tangent
of the X direction determined tilt ©0_} and {the Y momentY,,
multiplied by the tangent of the Y direction tilt 0} . Where the
angles 0, and 6, are small angles, the tilt determiner may
calculate the height offset from the tilt angles 0, and 0, 1n
radians without calculating the tangents.

The control apparatus 5 1s operable to cause this Z position
change or height ofiset to be effected at the same time as the
sample surface 1s levelled by causing the driving of the A, B
and C motors to effect this Z position change in addition to the
tilting.

In this embodiment, the components of the adjustable sup-
port stage 15, such as the tip-t1lt stage 40 and the components
of the wedge assembly 44, are designed to avoid differential
thermal expansion and to provide thermal balancing through-
out the whole measurement loop so as to avoid or at least
substantially reduce bending or other deformation due to
relative thermal expansion or contraction and so that the three
adjustors 41a, 416 and 41c¢ expand or contract at the same
rate, maintaining the symmetry and balance within the adjust-
able support stage assembly 15a. As an example, the compo-
nents may be made of aluminium (which also has the advan-
tage of being easy to machine, lightweight and cheap)
although any suitable material with appropnately good ther-
mal conduction properties may be used.

As described above, the tip or t1lt 1s determined by the data
processor of the instrument. It may, however, be possible to
determine the tip or tilt manually by viewing the fringes and
counting the number of fringes within a known distance.
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In the embodiment described above, the adjustable support
stage 1s used 1n a broadband or coherence scanning interfer-
ometer system. As those skilled 1n the art will appreciate, the
adjustable support stage may be used to support a sample 1n
different forms of interferometer system. For example, the
present invention may be applied to interference systems
using a coherent light source such as a laser or to other optical
systems.

In the embodiment described above, the adjustable support
stage cannot be rotated about the Z-axis. As those skilled 1n
the art will appreciate, the tip-tilt stage can additionally be
mounted on a turntable which would enable rotation about the
/.-axis.

The adjustable support stage may also be used 1n other
metrology instruments 1 which 1t 1s necessary to align a
sample to a datum, such as when measuring surface round-
ness, surface roughness or surface form. In these examples of
non-optical systems, the tip and tilt of the sample can be
determined by making measurements on, for example, a stan-
dard component of precisely known form and dimensions,
such as a right cylinder, and then determining the tip and tilt
using conventional form fitting procedures.

In the embodiment described above, the three adjustors are
equiangularly spaced on the base and are arranged so that
radial inward movement of the wedge assembly causes the
corresponding part of the tip-tilt stage tilt. As those skilled 1in
the art will appreciate, 1t 1s not necessary for the adjustors to
be equiangularly spaced. For example, the adjustors could be
arranged to form a T-shaped arrangement, with two adjustors
linearly aligned for movement towards and away from one
another and the third adjustor arranged for movement 1n a
direction perpendicular to the movement of the other two
adjustors. As another example, the three adjustors could be
arranged 1n any Y-shaped configuration. As those skilled 1n
the art will appreciate, the adjustors could be spaced apart by
any angle and distance. As another modification, the direction
of slope of the faces of the wedge assemblies may be reversed
so that radial inward movement lowers rather than raises the
corresponding part of the stage.

As described above, the tip-tilt stage has a hexagonal
shape. As those skilled 1n the art will appreciate, this 1s not
essential and the tip-t1lt stage could be of any suitable shape or
S1ZE.

As described above, the tip-t1lt stage 1s supported on each
of the adjustors by a ball and socket coupling. As those skilled
in the art will appreciate, any other kind of coupling could be
used which allows the tip-tilt stage to rotate about the X-axis
and about the Y-axis but constrains rotation about the Z-axis.
For example, one ball and socket and two ball and V-groove
couplings could be used or three ball and V-groove couplings
could be used. As another possibility, one ball and socket, one
ball and V-groove and one flat coupling could be used.

As described above, the X, Y, A, B and C movers are DC
motors. However, as those skilled 1n the art will appreciate,
any suitable motor could be used instead, such as a linear
motor or a belt drive. Additionally, as described above, other
forms of drive train may be used, for example the motor and
lead screw arrangement could be replaced with a ball screw, a
Burleigh piezoelectric Inchworm system such as the one
described 1n U.S. Pat. No. 4,874,979 or a Nanomotion piezo-
clectric micromotor such as the one described 1n U.S. Pat. No.
5,453,633.

As will be appreciated by those skilled in the art, motion of
the sample support relative to the base and translation of the
adjustable support stage may be effected in either order or
simultaneously. As described above, the wedge assemblies
use cross-rollers. As those skilled in the art will appreciate,
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the cross-roller arrangements could be replaced by any suit-
able arrangement which allows guided sliding motion
between the components of the wedge assembly. For
example, the guide rails could be formed of air, o1l or plain
bearings or a ligament arrangement may be used.

As described above, the A, B and C movers may be driven
all by the same amount so as to effect motion 1n the Z direc-
tion. This allows for movement over a larger range in the Z
direction than the Z mover. The A, B and C movers may be
used to reach the Z position for the start of a measurement
operation and the 7Z mover then used to effect movement
during the measurement operation. It 1s possible that the A, B
and C movers may enable movement with suificient precision
to replace the Z mover.

As described above, the tip-tilt determiner 27 determined
the required angles of rotation using four frames captured at
quarter-wavelength intervals 1n the scan direction. As those
skilled 1n the art will appreciate, it may possible to perform
similar calculations using three or more than four frames
taken at different intervals.

The invention claimed 1s:

1. Apparatus for determimng a tilt of a sample surface, the
apparatus comprising:

an interference fringe data recerver to receive interference
fringe data resulting from interference between light
from a reference surface and light from the sample sur-
face; and

a tilt determiner to determine a tilt of a sample region

surface using the receiwved interference Iringe data,
wherein the tilt determiner 1s configured to determine
the talt of the sample surface from ntensity values rep-
resenting interference fringes produced by the sample
surface at positions spaced apart along a scan path by a
distance corresponding to an eighth of a mean wave-
length of the light and thus corresponding to a path
difference between a path to the reference surface and a
path to the sample surface of a quarter of the mean
wavelength.

2. Apparatus for determining a tilt of a sample surface, the
apparatus comprising:

an interference fringe data receiver to recerve iterference
fringe data resulting from interference between light
from a reference surface and light from the sample sur-
face; and

a tilt determiner to determine a tilt of a sample region

surface using the receiwved interference Iringe data,
wherein the tilt determiner 1s configured to determine a
predominant phase gradient of intensity values repre-
senting interference fringes produced by a region of the
sample surface and to determine the tilt of the sample
surface using the determined predominant phase gradi-
ent.

3. Apparatus for determining a tilt of a sample surface, the
apparatus comprising:

an interference fringe data receiver to recerve iterference
fringe data resulting from interference between light
from a reference surface and light from the sample sur-
face; and
a tilt determiner to determine a tilt of a sample region

surface using the received interference Ifringe data

wherein the interference fringe data receiver 1s arranged
to recerve interference Iringe data resulting from inter-
ference along a scan path between light from a reference
surface and light from the sample surface and wherein
the t1lt determiner 1s configured to determine the tilt of
the sample surface from recerved interference iringe
data comprising intensity values representing interfer-
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ence Iringes produced at least three positions spaced
apart along the scan path by a distance corresponding to
an e1ghth of the mean wavelength of light directed at the
sample surface and thus corresponding to a path differ-

22

length of the light directed at the sample surface and thus
corresponding to a path difference between a path to the
reference surface and a path to the sample surface of a
quarter of the mean wavelength.

7. A computer-implemented method for determining a tilt

of a sample surface, the method comprising:

a computer receiving interference fringe data resulting
from interference between light from a reference surface
and light from the sample surface; and

the computer determining a tilt of a sample region surface

ence between a path to the reference surface and a path 5
to the sample surface of a quarter of the mean wave-

length.
4. Apparatus for determining a tilt of a sample surface, the
apparatus comprising;
an 1nterference fringe data receiver to recerve mterference 10

fringe data resulting from interference between light
from a reference surface and light from the sample sur-
face; and

using the recerved interference fringe data, wherein the
computer determining the tilt comprises the computer
determining a predominant phase gradient of intensity

values representing interference fringes produced by the

sample surface.
8. A computer-implemented method for determining a tilt

of a sample surface, the method comprising:
a computer receiving interference Ifringe data resulting

a tillt determiner to determine a tilt of a sample region
surface using the recerved interference fringe data, 15

wherein the interference fringe data recerver 1s arranged to
receive mterference fringe data resulting from interfer-
ence along a scan path between light from a reference

surface and light from the sample surface and wherein

from interference between light from a reference surface

the t1lt determiner 1s configured to determine the tilt of 20 and light from the sample surface; and
the sample surface from receirved interiference fringe the computer determining a tilt of a sample region surface
data comprising intensity values representing interfer- using the recerved interference fringe data, wherein the
ence Iringes produced at four positions spaced apart computer receiving interference fringe data comprises
along the scan path by a distance corresponding to an the computer recerving intensity values representing
eighth of the mean wavelength of light directed at the 25 interference fringes resulting from interference between
sample surface and thus corresponding to a path differ- light from a reference surface and light from the sample
ence between a path to the reference surface and a path surface at least three positions spaced apart along a
to the sample surface of a quarter of the mean wave- measurement path by a distance corresponding to an
length, where the light intensity values for the four posi- cighth of the mean wavelength of light directed at the
tions are: 30 sample region surface and thus corresponding to a path
Io=Tm cos A difference between a path to the reference surface and a
path to the sample surface of a quarter of the mean
I ~T-m sin AB wavelength. | . |
9. A computer-implemented method for determining a tilt
I,=I-m cos AO 35 of a sample surface, the method comprising:
a computer receiving interference Ifringe data resulting
I,=T+m sin A8 from interference between light from a reference surface

and light from the sample surface; and
the computer determining a tilt of a sample region surface
40 using the received interference fringe data, wherein the
computer receving interference fringe data comprises
the computer receiving intensity values representing
interference fringes resulting from interference between
light from a reference surface and light from the sample
surface at four positions spaced apart along a measure-
ment path, and
the computer determining the t1lt comprises the computer
determining a predominant phase gradient 1n at least one
direction on the sample surface from phases for surface
pixels of the sample surface, where the phase for a sur-
face pixel of the sample surface 1s given by:

where I is an average intensity, m cos A0 is a fringe or
intensity modulation, and wherein the t1lt determiner 1s
configured to determine the tilt by determining a pre-
dominant phase gradient, where the phase 1s given by:

I -1
AP = arctan . 45
o — b

5. Apparatus for determining a tilt of the sample surface
according to claim 2, wherein the tilt determiner 1s configured
to determine a predominant phase in each of two orthogonal 50
directions by determining a phase diflerence between surface
pixels 1 each of the two orthogonal directions on the surface.

6. A computer-implemented method for determining a tilt

of a sample surface, the method comprising;

a computer recerving interference Iringe data resulting 55
from interference between light from a reference surface
and light from the sample surface; and

the computer determining a tilt of a sample region surface
using the recerved interference fringe data, wherein the
computer receiving interference fringe data comprises 60

=1
Ip — 1>

Ad = arctan

where
I,=I+m cos AD

> _ _ _ I,=I-m sin AB
the computer recerving intensity values representing
interference fringes resulting from interference between I,=I-m cos AO
light from a reference surface and light from the sample o
I;={+m sin AO

surface as relative movement 1s effected along a scan
path between the sample surface and the reference sur- 65 where I is the average intensity, m cos 0A is the fringe or
face at positions spaced apart along the scan path by a intensity modulation and I, I, I, and I, are the respective
distance corresponding to an eighth of the mean wave- intensity values for a surface pixel at the four positions.
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10. The computer-implemented method for determining a
t1lt of the sample surface according to claim 9, wherein the
computer determining the tilt comprises the computer deter-
minming a predominant phase gradient in each of the two
orthogonal directions of the sample surface from phases for 5
surface pixels of the sample surface.

11. A non-transitory computer-readable medium compris-
ing program instructions, when executed by a processor cause
the processor to:

receive interference fringe data resulting from interference 10

between light from a reference surface and light from a
sample surface; and

determine a tilt of a sample region surface from the

received interference fringe data, wherein the program
instructions are configured to program a processor to 15
determine a predominant phase gradient of intensity
values representing interference fringes produced by the
region of the sample surface and to determine the tilt of
the sample surface using the determined predominant
phase gradient. 20

24
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